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We  synthesize  four  pyridine-polybenzimidazoles  (PyPBIs)  and  one  polybenzimidazole  (PBI)  from  a  tet- 
ramin  monomer  (i.e.,  3,3'-diamino  benzidine  (DABZ))  and  two  dicarboxylic  acid  monomers  (i.e.,  iso- 
phthalic  acid  (IPA)  and  2,6-pyridinedicarboxylic  acid  (PyA))  with  PyA/IPA  molar  ratios  of  6/4  (i.e.,  PyPBI- 
64),  5/5  (i.e.,  PyPBI-55),  4/6  (i.e.,  PyPBI-46),  3/7  (i.e.,  PyPBI-37),  and  0/1  (i.e.,  PBI-U).  The  PyPBIs  and  PBI 
with  molecular  weight  of  ~  1.0-1.3  x  10-4  g  mol-1  are  used  as  Pt-C  (Pt  on  carbon  support)  binders  for 
fabricating  gas  diffusion  electrodes  (GDEs)  and  are  doped  with  H3P04  to  prepare  membrane  electrode 
assemblies  (MEAs).  We  demonstrate  that  both  the  H3P04  loading  of  the  GDE  and  the  fuel  cell  perfor¬ 
mance  of  the  MEA  at  160  °C  with  unhumidified  H2/O2  fuel  increase  with  the  increase  of  PyA  monomer 
content  of  the  PyPBI  (or  PBI)  binder  in  the  GDEs  according  to  the  sequence  of  PBI-U  <  PyPBI-37  <  PyPBI- 
46  <  PyPBI-55  <  PyPBI-64.  The  higher  PyA  content  PyPBI  provides  more  binding  sites  for  H3P04  in  GDE 
and  enhances  fuel  cell  performance. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  proton  exchange  membrane  fuel  cell  (PEMFC)  is  consid¬ 
ered  as  one  of  the  most  promising  next  generation  clean  energy 
technologies,  because  of  its  high  efficiency  and  non-polluting 
nature.  In  the  past  two  decades,  researchers  [1-5]  have  made 
efforts  to  develop  hydrocarbon  membranes  for  PEMFCs  working 
at  high  temperatures.  Compared  to  Nafion-based  low  tempera¬ 
ture  PEMFCs,  the  high  temperature  PEMFCs  (HT-PEMFCs, 
120  °C  <  Temp  <  200  °C)  have  the  following  advantages:  higher 
rapid  electrode  kinetics,  greater  tolerance  to  the  CO  impurities  in 
the  hydrogen  fuel  stream,  and  easy  water-thermal  management 
[6,7].  One  of  the  most  promising  proton  exchange  membranes 
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(PEMs)  suitable  for  HT-PEMFCs  is  the  polybenzimidazole  doped 
phosphoric  acid  (PBI/H3PO4)  membrane  [1,2],  in  which  H3PO4  acts 
as  proton-conducting  carrier,  and  no  water  is  needed  for  proton- 
conduction  in  the  membranes.  The  PBI/H3PO4  membrane  has 
shown  to  possess  high  proton  conductivity  at  120—200  °C  with 
low  humidity,  good  mechanical  strength,  excellent  chemical  and 
thermal  stability,  and  is  employed  with  greater  success  than  other 
PEMs  in  HT-PEMFCs  [8,9]. 

The  combination  of  an  effective  contact  at  the  three-phase 
boundary,  that  is,  high  Pt  catalyst  utilization,  good  proton  conduc¬ 
tion,  and  facile  H2  and  02  (or  air)  transport  to  the  Pt  active  sites  in  the 
catalyst  layer  (CL),  is  necessary  for  a  high-performance  membrane 
electrode  assembly  (MEA)  [10,11].  The  MEA  of  a  PBI/H3PO4  based 
HT-PEMFC  consists  of  a  PBI/H3PO4  PEM,  anode  and  cathode  CLs,  and 
gas  diffusion  layers  (GDLs).  The  three  major  components  of  a  CL  are: 
Pt-C  (Pt  on  a  carbon  support),  H3PO4,  and  PBI,  in  which  H3PO4  acts 
as  a  proton  conductor,  PBI  serves  as  a  binder  of  Pt— C  and  also  as  an 
ionomer  for  fixing  H3PO4  in  the  CL  to  avoid  leakage  of  H3PO4  from 
the  CL  to  the  GDL.  The  concentrations  of  the  H3PO4  and  PBI  ionomer 
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in  the  CLs  as  well  as  the  microstructure  morphology  of  the  Pt-C,  PBI, 
and  H3PO4  components  play  important  roles  in  determining  the 
properties  and  performance  of  CLs  [12-21]. 

In  an  HT-PEMFC,  a  high  concentration  of  H3PO4  is  necessary  to 
achieve  sufficient  proton  conductivity  within  the  PEM  and  the  CLs. 
Thus  a  good  ionomer  catalyst  binder  for  retaining  H3PO4  in  CL  is  an 
important  issue  for  a  high  performance  HT-PEMFC.  In  this  study, 
instead  of  using  PBI  binder,  we  used  pyridine-polybenzimidazole 
(PyPBI)  as  a  Pt-C  catalyst  binder  for  fabricating  gas  diffusion 
electrodes  (GDEs)  of  PBI/H3P04-based  MEAs.  Four  PyPBIs  synthe¬ 
sized  from  a  tetramin  monomer  (i.e.,  3,3'4,4'-diamino  benzidine 
(DABZ))  and  two  dicarboxylic  acid  monomers  (i.e.,  2,6- 
pyridinedicarboxylic  acid  (PyA)  and  isophthalic  acid  (IPA))  with 
initial  [PyA]/[IPA]  fed  molar  ratios  of  6/4 — 3/7,  and  one  PBI  syn¬ 
thesized  from  DABZ  and  IPA  (see  the  chemical  reaction  scheme  in 
Fig.  1 ).  We  demonstrated  that  the  PyA  pyridine  group  in  the  PyPBI 
binder  enhances  the  binding  of  H3PO4  molecules  in  CLs  and  raises 
the  fuel  cell  performance. 

Comparing  with  the  Nafion-based  GDEs,  in  which  water  and 
Nation  ionomer  are  proton  conductors,  the  kinetics  for  O2  reduction 
on  Pt-C  within  the  pure  H3PO4  is  slow  because  of  the  strong 
adsorption  effect  of  H3PO4  and  H2PO41  on  the  Pt  active  sites  and  the 
low  solubility  and  diffusivity  of  the  O2  in  pure  H3PO4  [22].  Li  et  al. 
reported  that  a  combination  of  H3PO4  with  PBI  can  increase  the  O2 
solubility  and  suppress  adsorption  of  H3PO4  and  H2PO4 1  on  the  Pt- 
active  sites,  thus  enhancing  the  Pt  catalytic  activity  of  O2  reduction 
[23].  In  the  present  study,  we  fabricated  GDEs  using  low  molecular 
weight  (MW,  Mw  =  1.0— 1.3  x  10  4  g  mol-1)  PyPBI  and  PBI  binders 
mixed  with  Pt-C,  LiCl,  and  N,N'-dimethyl  acetamide  (DMAc)  sol¬ 
vent  catalyst  ink  solutions.  The  low  MW  PyPBI  (or  PBI)  binders  and 
LiCl  reduce  inter-polymer  hydrogen  bonding  of  PyPBI  (or  PBI)  and 
help  dispersion  of  PyPBI  (or  PBI)  in  the  catalyst  ink  solutions  [24] 
and  in  CLs.  As  a  result,  there  is  an  increase  in  the  PyPBI  (or  PBI) 
binding  sites  for  H3PO4  molecules  in  the  CLs  and  Pt  catalytic  activity 
is  enhanced  [25  .  In  all  the  MEAs,  the  [Pt— C]/[PyPBI  (or  PBI)]  weight 
ratio  in  a  CL  was  fixed  at  19/1,  which  was  similar  in  value  to  the  [Pt— 
C]/[PBI]  weight  ratio  of  20/1  suggested  in  the  literature  [14,26  .  In 
this  study,  we  used  a  high  MW  PBI  (Mw  =  1.74  x  105  g  mol-1)  cross- 
linked  with  epoxy  resin  to  prepare  membranes.  These  cross-linked 
PBI  membranes  were  doped  with  H3PO4  and  were  used  as  PEMs  for 
fabricating  MEAs  [27]. 

2.  Experimental 

2.1.  PBI  synthesis 

PBI  was  synthesized  from  DABZ  (Aldrich  Chem.  Co.)  and  IPA 
(Aldrich  Chem.  Co.)  using  polyphosphoric  acid  (PPA,  Aldrich 


Table  1 

Monomer  fed  quantities  for  PyPBIs  and  PBI  syntheses. 


Sample  DABZ  PyA 

designation  mole  (g)  mole  (g) 

IPA 

mole  (g) 

Initial  fed  C:N:Hb 

Polymer3  C:N:Hb 

PyPBI-64 

1.0(214)  0.6(100) 

0.4  (66) 

1.00:0.283:0.09 

1.00:0.278:0.09 

PyPBI-55 

1.0(214)  0.5(84) 

0.5  (83) 

1.00:0.277:0.09 

1.00:0.268:0.09 

PyPBI-46 

1.0(214)  0.4(67) 

0.6  (100) 

1.00:0.270:0.09 

1.00:0.256:0.09 

PyPBI-37 

1.0(214)  0.3(50) 

0.7  (116) 

1.00:0.265:0.09 

1.00:0.247:0.09 

PBI 

1.0(214)  0.0 

1.0(166) 

1.00:0.246:0.09 

1.00:0.229:0.09 

a  Elemental  analyses  data  of  synthesized  polymers. 
b  C:N:H  in  atomic  ratio. 


Chem.  Co.)  as  a  solvent.  The  detailed  polymerization  procedures 
were  similar  to  those  reported  in  the  literature  [27,28].  4200  g  PPA 
was  mixed  with  DABZ  and  melted  at  200  °C  under  a  N2  atmo¬ 
sphere  for  more  than  3  h  to  obtain  a  homogeneous  mixture. 
Subsequently,  IPA  was  mixed  into  the  solution  to  initiate  poly¬ 
merization.  The  quantities  of  the  monomers  fed  into  the  reaction 
flask  for  PBI  synthesis  are  listed  in  Table  1.  The  PBI  was  poly¬ 
merized  under  a  N2  atmosphere  at  210  °C  for  48  h.  After  termi¬ 
nating  the  polymerization,  the  product  mixture  was  poured  into 
distilled  water  to  precipitate  the  PBI  product.  The  precipitated  PBI 
was  milled  into  a  powder  and  then  mixed  with  a  1  N  NaOH 
aqueous  solution  under  stirring  for  2  h.  During  stirring,  the  NaOH 
aqueous  solution  was  exchanged  every  30  min  to  remove  residual 
PPA.  The  PBI  was  subsequently  rinsed  with  deionized  water 
several  times  to  remove  residual  NaOH  and  then  dried  under 
vacuum  at  120  °C  for  4  h. 


2.2.  Fractionation  of  the  as-synthesized  PBI  to  obtain  a  low  MW  and 
a  high  MW  PBIs 

The  as-synthesized  PBI,  obtained  in  Section  2.1,  was  frac¬ 
tionated  by  solvent  extraction  using  an  N-methylformamide 
(NMF;  a  poor  solvent  of  PBI)  and  N-methyl  pyrrolidinone  (NMP; 
a  good  solvent  of  PBI)  mixture  to  obtain  a  low  MW  PBI.  A  16  g 
mass  of  the  as-synthesized  PBI  was  added  to  a  solvent  mixture 
comprising  35  g  of  NMF  (Aldrich  Chemical  Co.)  and  15  g  of  NMP 
(Aldrich  Chemical  Co.)  and  stirred  at  30  °C  for  3  h.  The  resulting 
solution  was  then  filtered  to  obtain  filtrate  and  residual  solid. 
The  solvent  of  the  filtrate  was  evaporated  at  150  °C  under  vac¬ 
uum  for  2  h  to  obtain  the  solid  PBI-11,  which  had  a 
weight  average  MW  of  Mw  =  1.1  x  104  g  mol-1  determined  as 
described  in  Section  2.5.  The  residual  solid  was  designated  as 
PBI-174,  which  had  a  Mw  =  1.74  x  105  g  mol-1.  The  MWs  of  PBI-11 
and  PBI-174  were  determined  using  a  GPC  as  described  in  Section 
2.5. 


Fig.  1.  Recation  scheme  of  PyPBI  from  a  tetramin  monomer,  i.e.,  S.S'^T-tetraminbiphenyl  (DAB),  and  two  dicarboxylic  acid  monomers,  i.e.,  isophthalic  acid  (IPA)  and  2,6- 
pyridinecarboxylic  acid  (PyDA). 
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2.3.  Syntheses  of  four  PyPBIs 

PyPBIs  were  synthesized  from  DABZ  monomer  and  two  dicar- 
boxylic  acid  monomers,  that  is,  IPA  and  PyA,  with  [PyA]/[IPA]  molar 
ratios  of  3/7,  4/6,  5/5,  and  6/4  and  the  [DABZ]/[PyA  +  IPA]  molar 
ratio  of  1/1.  The  quantities  of  the  monomers  fed  into  the  reaction 
flask  for  PyPBI  syntheses  are  also  listed  in  Table  1.  The  reaction 
scheme  is  shown  in  Fig.  1.  The  DABZ  monomer  was  mixed  with 
4200  g  PPA  solvent  at  200  °C  under  N2  gas  for  3  h.  IPA  was  then  fed 
into  the  flask  and  the  temperature  was  maintained  at  210  °C  for  4  h. 
Subsequently,  PyA  was  fed  into  the  flask  and  further  reaction  pro¬ 
ceeded  for  6  h.  The  total  reaction  time  at  210  °C  was  10  h,  which  was 
shorter  than  that  of  PBI  synthesis,  which  was  48  h.  The  shorter 
polymerization  time  led  the  as-synthesized  PyPBIs  to  have 
MWs  (Mw  =  ~  1.0— 1.3  x  10  4  g  mol-1,  determined  as  described 
in  Section  2.5)  smaller  than  the  as-synthesized  PBI 
(Mw  =  ~  17.4  x  10-4  g  mol-1,  determined  as  described  in  Section 
2.5).  The  hot  reaction  product  was  poured  into  a  beaker  containing 
a  large  quantity  of  distilled  water.  The  precipitate  was  rinsed  with 
distilled  water  and  then  mixed  with  NaOH  aqueous  solution  to 
dissolve  out  the  phosphoric  acid  and  obtain  the  PyPBI  product.  The 
procedure  was  similar  to  the  PBI  synthesis  described  in  Section  2.1. 

2.4.  Elemental  analyses  of  PyPBIs  and  PBI-II 

The  C,  N,  and  H  elemental  analyses  of  four  PyPBIs  and  PBI-11 
were  carried  out  using  an  Elemental  Analyzer  (Vatio  EL/micro 
cube,  Elementar  Co.,  Germany).  Table  1  summarizes  the  atomic 
ratios  of  the  four  PyPBIs  and  PBI-11  obtained  by  C:N:H  elemental 
analyses  and  the  initially  fed  monomer  C:N:H  atomic  ratios  for 
PyPBIs  and  PBI  syntheses.  The  elemental  analyses  results  indicated 
that  the  element  compositions  of  the  final  synthesized  polymers 
were  similar  to  the  initial  monomer  reactants  fed  for  polymeriza¬ 
tion,  and  the  N  atom  content  increased  according  to  the  sequence  of 
PBI  <  PyPBI-37  <  PyPBI-46  <  PyPBI-55  <  PyPBI-64. 

2.5.  MW  distribution  determinations  of  PyPBIs  and  PBIs 

The  MW  distributions  of  PBI-174,  PB-11,  obtained  in  Section  2.2, 
and  four  PyPBIs,  obtained  in  Section  2.3,  were  determined  at  40  °C 
using  a  gel  permeation  chromatography  (GPC,  Jasco  PU-2080  plus) 
with  refractive  index  (RI)  detector  (Jasco  RI-2031  plus).  DMAc  was 
used  as  the  mobile  phase  and  the  concentration  of  each  PyPBI  and 
PBI  elution  solution  was  - 1.0  mg  mL-1.  To  prevent  PBI  (or  PyPBI) 
aggregation,  ~1.0  mg  mL-1  of  LiCl  was  mixed  into  the  PBI/DMAc 
and  PyPBI/DMAc  elution  solutions.  The  solution  flow  rate  was 
0.8  mL  min-1.  Narrow  MW  distribution  polystyrene  standards  (Mw/ 
Mn  ^  1.1,  Aldrich)  were  used  for  the  GPC  MW  calibration. 

2.6.  FTIR  characterization  of  PyPBIs  and  PBI 

Infrared  (IR)  spectra  of  PBI-11  and  four  PyPBIs  were  obtained 
using  a  Perkin-Elmerl725X  Fourier  transform  infrared  spectros¬ 
copy  (FTIR).  Each  solid  PBI  and  PyPBI  powder  was  mixed  and  milled 
with  KBr  to  make  IR  sample. 

2.7.  Gas  diffusion  electrode  (GDE)  preparations 

The  four  PyPBIs  (i.e.,  PyPBI-64,  PyPBI-55,  PyPBI-46,  and  PyPBI- 
37)  and  PBI-11  were  used  to  prepare  catalyst  ink  solutions  and  to 
fabricate  GDEs.  All  these  PyPBIs  and  the  PBI-11  had  MWs  of  ~  1.0— 
1.3  x  104  g  mol-1  (see  Table  2).  The  fabrication  materials  comprised 
Pt-C  (Pt  content  40  wt%,  Johnson  Matthey  Co.)  catalyst,  a  carbon 
paper  GDL  (35  BC,  SGL  Co.),  PBI  (or  PyPBI)  binder,  and  DMAc  sol¬ 
vent.  Each  catalyst  ink  solution  was  composed  of  [Pt— C]/[PBI  (or 


Table  2 

GPC  molecular  weights  of  PBIs  and  Py-PBIs  (estimated  using  polystyrene  standard 
calibrations). 


SamPle 

Mw( gmol  ') 

Mw/Mn 

PyPBI-64 

1.27 

X 

104 

1.29 

PyPBI-55 

1.30 

X 

104 

1.12 

PyPBI-46 

1.18 

X 

104 

1.13 

PyPBI-37 

1.09 

X 

104 

1.04 

PBI-11 

1.10 

X 

104 

1.13 

PBI-174 

17.4 

X 

104 

2.14 

PyPBI)]/[LiCl]/[DMAc]  at  a  weight  ratio  of  9.5/0.5/0.5/190.  LiCl  was 
mixed  into  each  catalyst  ink  solution  to  enhance  PBI  (or  PyPBI) 
dispersion  in  the  DMAc  solvent  [24].  Each  catalyst  ink  solution 
underwent  ultrasonic  treatment  for  5  h.  The  solution  was  then 
coated  on  a  GDL  using  an  ultrasonic  spray  system  (Sono  Tek  Co., 
NY).  Finally,  the  solvent  in  the  coated  CL  was  evaporated  at  80  °C  for 
1  h  and  then  at  150  °C  under  vacuum  for  1  h.  The  GDL  coated  with  a 
CL  was  then  immersed  in  distilled  water  for  20  min.  The  procedure 
was  repeated  several  times  by  exchanging  fresh  distilled  water  to 
remove  the  LiCl.  Subsequently,  the  GDE  was  dried  under  vacuum  at 
60  °C  for  1  h  to  remove  residual  water. 

2.8.  Pt-electrochemical  active  surface  area  (Pt-ECSA)  measurements 
of  GDEs 

The  GDEs  prepared  according  to  the  procedures  described  in 
Section  2.7  were  used  for  Pt-ECSA  measurements.  Each  GDE  sample 
comprised  a  Pt  loading  of  0.1  mg  cm-2  with  an  active  area  of 
1x2  cm2.  ECSA  measurements  were  performed  using  a  three- 
electrode  system  in  a  container  filled  with  a  0.5  M  H2S04 
aqueous  solution.  A  saturated  calomel  electrode  (SCE)  connected 
with  a  salt  bridge  was  used  as  a  reference  electrode,  a  platinum 
wire  was  used  as  a  counter  electrode,  and  the  GDE  was  used  as  a 
working  electrode.  The  measurements  were  conducted  using  cyclic 
voltammetry  (CV;  CHI611C  Electrochemical  Analyzer,  CH  In¬ 
struments)  with  a  scan  rate  of  50  mV  s-1  versus  a  normal  hydrogen 
electrode  (NHE)  at  25  °C.  During  testing,  the  H2SO4  solution  was  fed 
with  humidified  N2  at  a  pressure  of  40  psi.  The  Pt  specific  ECSA  was 
calculated  using  the  equation:  ECSA  =  Qh/(^i  x  qn),  where  Qh  is  the 
charge  exchanged  during  the  electro-adsorption  of  H2  on  Pt,  m  is 
the  Pt  loading  quantity,  and  qn  (210  pC  cm-2)  is  the  charge  required 
for  the  monolayer  adsorption  of  H2  on  Pt  surfaces  [29,30]. 

2.9.  PBI  MEA  preparations 

2.9.1.  Membrane  preparation  and  characterizations 

The  high  MW  PBI-174,  was  blended  with  an  epoxy  resin  (i.e., 
Epon-828,  diglycidyl  ether  bisphenol-A)  to  create  a  cross-linked 
membrane  [27].  The  PBI-174/epoxy  blend  solution  with  an 
imidazole-NH/epoxide  equivalent  (Eqv.)  number  ratio  of  10/1 
(where  the  imidazole-NH  Eqv.  wt.  of  PBI  and  the  epoxide  Eqv.  wt.  of 
Epon  828  were  154  g/NH  Eqv.  and  193  g/epoxide  Eqv.,  respectively) 
was  prepared  using  DMAc  solvent.  The  polymer  concentration  of 
each  solution  was  approximately  5.0  wt%.  The  membrane  was 
prepared  by  casting  the  solution  onto  a  glass  plate  using  a  blade 
coater.  The  cast  solution  film  was  then  dried  under  vacuum  at  80  °C 
for  24  h  followed  by  heating  at  135  °C  for  1  h  to  remove  the  solvent 
and  to  proceed  with  epoxide-PBI  cross-linking  reaction.  The 
thickness  (L)  of  the  membrane  was  ~  50  pm.  The  membrane  was 
doped  with  H3PO4  by  immersion  in  an  85  wt%  phosphoric  acid 
aqueous  solution  at  70  °C  for  48  h.  The  H3PO4  doping  level  (PAdop) 
of  the  membrane  was  PAdop  =  5.9  ±  0.3  mol  H3PO4  per  PBI  repeat 
unit;  this  value  was  defined  as  the  number  of  moles  of  H3PO4  doped 
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into  1  mol  of  PBI  repeat  unit  and  was  calculated  from  the  equation 
PAdop  =  [(Wi-W0)/98]/[xW0/308],  where  W0  is  the  weight  of  the 
dry  membrane,  x  is  the  weight  fraction  of  PBI  in  the  cross-linked 
membrane,  Wi  is  the  weight  of  a  membrane  containing  doped 
phosphoric  acid,  and  the  values  98  and  308  are  the  MWs  of  H3PO4 
and  the  PBI  repeat  unit,  respectively.  To  avoid  measurement  error 
because  of  moisture  content,  the  membranes  were  dried  by  heating 
at  110  °C  under  vacuum  for  more  than  10  h  prior  to  weighing  until  a 
constant  weight  was  obtained.  The  PAdop  datum  was  the  average  of 
three  measurements. 

The  ionic  conductivity  (a)  of  the  membrane  was 
a  =  (1.35  ±  0.04)  x  10-2  S  cm-1  and  was  calculated  from  the 
equation:  a  =  L/(A  x  R ),  where  A  =  3.14  cm2  is  the  cross  sectional 
area  of  the  membrane  for  a  resistance  R  measurement.  Through- 
plane  R  values  were  measured  by  alternating  current  (AC)  imped¬ 
ance  spectroscopy  using  a  Solartron  1260  gain  phase  analyzer 
interfaced  to  a  Solartron  1480  multimeter.  The  membrane  was 
secured  in  a  holder  located  between  two  probes  for  the  R  mea¬ 
surement.  The  entire  testing  setup  was  kept  in  a  thermostat  at 
160  °C  with  0.0  %RH  (relative  humidity).  The  datum  was  the  average 
of  three  measurements. 

2.9.2.  MEA  preparation 

The  PBI/epoxy  cross-linked  membrane  prepared  in  Section  2.9.1 
and  the  GDEs  prepared  according  to  the  procedures  described  in 
Section  2.7  were  used  for  the  MEA  preparation.  The  Pt  loading  of 
the  GDEs  at  both  the  anode  and  cathode  was  0.5  mg  cm-2,  and  the 
GDE  active  area  was  3.5  x  3.5  cm2.  The  GDEs  were  doped  with 
H3PO4  by  immersion  in  10  wt%  H3PO4  aqueous  solution  at  room 
temperature  for  12  h  and  subsequently  dried  in  an  oven  at  110  °C 
for  2  h.  Two  GDEs  prepared  using  the  same  catalyst  ink  solution 
were  placed  on  either  side  of  a  PBI/epoxy  cross-linked  PEM  and 
pressed  at  130  °C  with  a  pressure  of  50  N  cm-2  for  1  min  to  obtain 
an  MEA.  The  H3PO4  loading  of  each  GDE  was  estimated  from  the 
weight  difference  of  the  GDE  before  and  after  doping  with  H3PO4. 
The  GDE  before  and  after  doping  with  H3PO4  was  dried  under 
vacuum  at  120  °C  for  2  h  to  evaporate  moisture  prior  to  estimating 
the  H3PO4  loading  of  a  GDE. 

2.10.  Unit  fuel  cell  tests  and  impedance  measurements 

The  performance  of  the  unit  cells  was  tested  at  160  °C  and 
ambient  pressure  using  an  FC5100  fuel  cell  testing  system  (CHINO 
Inc.,  Japan).  The  flow  rates  of  non-humidified  H2,  O2,  and  air  were 
set  to  200,  200,  and  1000  mL  min-1,  respectively.  The  i—V  (current 
density  vs.  cell  voltage)  curves  were  obtained  after  the  fuel  cell  was 
operated  for  8  h  by  measuring  the  current  density  as  a  function  of 
cell  voltage  at  decrementing  intervals  of  0.05  V.  The  duration  of 
each  i—V  measurement  was  30  s.  The  impedances  of  the  MEAs  were 
measured  at  i  =  200  mA  cm-2  and  1000  mA  cm-2  using  the  same 
fuel  cell  test  system  with  unhumidified  H2  and  O2  gases  which  were 
both  operated  at  a  flow  rate  of  200  mL  min-1.  The  frequency 
response  analyzer  was  a  Model  850e  Fuel  Cell  Test  System  (Scribner 
Associates,  Inc.)  and  the  scanning  frequency  ranged  from  104  Hz  to 
0.1  Hz.  Cell  internal  resistances  of  the  MEAs  were  also  determined 
using  current  interrupt  method  [31]. 

3.  Results  and  discussion 

3.1.  MW  distributions  of  PBIs  and  PyPBIs 

The  MW  distributions  of  the  as-synthesized  PyPBIs,  that  is, 
PyPBI-64,  PyPBI-55,  PyPBI-46,  and  PyPBI-37,  and  the  PBI-174  and 
PBI-11,  which  were  fractionated  from  the  as-synthesized  PBI  using 
a  NMF/NMP  solvent  mixture,  were  determined  using  GPC  analyses. 


Fig.  2  illustrates  the  polystyrene  standard-calibrated  GPC  MW 
distributions  of  the  four  PyPBIs  and  two  PBIs.  The  Mw  and  Mw/Mn 
values  of  these  six  polymers  were  estimated  from  the  GPC  data 
(Fig.  2)  and  are  summarized  in  Table  2.  In  this  study,  the  PBI-11  and 
four  PyPBIs,  which  had  Mws  of  -  1.0— 1.3  x  104  g  mol-1,  were  used 
as  Pt— C  catalyst  binder  and  MEA  CL  fabrications.  The  PBI-174,  which 
had  a  Mw  =  1.74  x  105  g  mol-1,  was  used  for  preparing  PEMs. 

3.2.  Infrared  spectra  of  PBI  and  four  PyPBIs 

Fig.  3  illustrates  the  IR  spectra  of  IPA  monomer,  PyA  monomer, 
PyPBI-64,  PyPBI-55,  PyPBI-46,  PyPBI-37,  and  PBI-11.  The  peak 
around  1690-1700  cm-1  of  PyDA  (spectrum-a)  and  IPA  (spectrum- 
g)  is  because  of  the  absorption  of  — C=0  stretch  of  the  carboxylic 
acid  functional  group.  The  spectra  -g  and  -a  also  show  that  the  C=0 
stretch  (-1690  cm-1)  absorption  overlaps  with  the  benzene  ring 
C=C  stretch  absorption  at  - 1610  cm-1.  The  1690-1700  cm-1  C=0 
stretch  absorption  peak  is  not  visible  in  the  IR  spectra  of  PyPBIs 
(spectra  b-e)  and  PBI  (spectrum-f)  because  of  the  conversion  of  C= 
O  group  to  imidazole  C=N  group  after  polymerization.  The  ab¬ 
sorption  peak  at  -  1574  cm-1  of  PyA  (spectrum-a)  can  be  attributed 
to  the  absorption  of  pyridine  C=N  stretch.  The  C=N  stretch  ab¬ 
sorption  -  1560-1600  cm-1  is  also  observed  overlapping  with  the 
C=C  stretch  absorption  at  -1610  cm-1  in  the  spectra  of  PyA 
(spectrum  a),  PyPBIs  (spectra  b-e),  and  PBI-11  (spectrum  f).  The 
absorption  at  - 1420  cm-1  in  the  spectrum  of  IPA  (spectrum-g)  and 
-1412  cm-1  in  the  spectrum  of  PyA  (spectrum-a)  is  the  in  plane 
C=C  deformation  absorption  of  benzene  ring,  and  the  absorption  at 
- 1456  cm-1  in  the  spectra  of  PyA  (spectrum-a)  is  the  C=N  in  plane 
deformation  absorption  of  pyridine  [32,33].  In  Fig.  3,  we  used  blue 
dashed  lines  to  indicate  the  PyA  C=N  stretch  (  —  1574  cm-1)  and 
C=N  in  plane  deformation  ( - 1456  cm-1)  absorptions  of  spectrum- 
a,  for  easy  viewing  of  the  shifting  of  PyPBI-64  (spectrum-b)  to  PBI- 
11  (spectrum-f)  of  the  C=N  stretch  (-1574  cm-1)  and  C=N 
(-1456  cm-1)  in  plane  deformation  absorptions  with  the 
decreasing  of  PyA  monomer  content  in  PyPBIs.  In  the  spectrum  of 
PyPBI-64  (spectrum-b),  we  can  observe  that  the  1566  cm-1  C=N 
stretch  and  1453  cm-1  C=N  in  plane  deformation  absorptions  of 


Fig.  2.  GPC  molecular  weight  distribution  curves  of  PBIs  and  PyPBIs.  Narrow  molecular 
weight  distribution  polystyrene  standards  were  used  in  the  molecular  weight  cali¬ 
bration.  (----)  PyPBI-64;  (--)  PyPBI-55;  ( - )  PyPBI-46;  (-•-)  PyPBI-37;  (— -)  PBI- 

11;  ( - )  PBI-174. 
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Fig.  3.  IR  spectra,  (a)  2,6-pyridinedicarboxylic  acid  (PyA)  monomer;  (b)  PyPBI-64;  (c) 
PyPBI-55;  (d)  PyPBI-46;  (e)  PyPBI-37;  (f)  PBI-11;  (g)  isophthalic  acid  (IPA)  monomer. 
The  blue  dashed  lines  indicate  the  PyA  (spectrum-a)  C=N  stretch  (1574  cm-1)  and  C= 
N  in  plane  deformation  (1456  cm-1).  (For  interpretation  of  the  references  to  colour  in 
this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 

imidazole  group  overlap  with  the  imidazole/or  benzene  ring  C=C 
stretch  and  C=C  in  plane  deformation  absorptions,  respectively. 
Carefully  inspecting  the  IR  spectra  from  spectrum-b  (PyPBI-64)  to 
spectrum-f  (PBI-11),  we  found  that  the  C=N  stretch  peak  shifted 
from  1566  cm-1  to  higher  wave  number  closing  to  the  C=C  stretch 
absorption  (1610  cnrr1)  and  the  C=N  in  plane  deformation  peak 
shifted  from  1453  cm-1  to  lower  wave  number  closing  to  the  C=C 
in  plane  deformation  (1420  cm-1).  This  indicated  that  the  C=N 
group  content  (i.e.,  PyA  monomer  content)  of  the  polymers 
decreased  from  PyPBI-64  to  PyPBI-37,  and  to  PBI-11.  These  results 
were  consistent  with  the  initially  fed  PyA  and  IPA  monomer  ratios 
of  the  PyPBIs  and  PBI  syntheses  as  shown  in  Table  1. 

3.3.  Pt-ECSA  studies  of  GDEs  without  H3PO4  doping 

Four  PyPBIs  (i.e.,  PyPBI-64,  PyPBI-55,  PyPBI-46,  and  PyPBI-37) 
and  PBI-11  electrolyte  binder  were  mixed  with  Pt— C  and  DMAc 
solvent  to  prepare  Pt— C/PyPBI  (or  PBI)  catalyst  ink  solutions  and 
fabricated  GDEs  for  Pt-ECSA  studies.  The  Pt  loading  of  each  GDE  was 
0.1  mg  cm-2,  and  the  wt.  ratio  of  [PyPBI]/[Pt-C  +  PyPBI]  (or  [PBI]/ 


Potential  /  V 

Fig.  4.  Cyclic  voltammetry  (CV)  curves  of  four  Pt-C/PBI  GDEs  prepared  from  catalyst 
ink  solutions  containing  PBI-11  and  PyPBIs.  The  composition  of  each  catalyst  ink  so¬ 
lution  was  Pt-C/PBI  (or  PyPBI)/LiCl/DMAc  =  9.5/0.5/0.5/190  by  wt.  Polymer  binders: 
(_..)  PyPBI-64;  (—  -)  PyPBI-55;  (---)  PyPBI-46;  (-•-)  PyPBI-37;  (-•-)  PBI-11. 

[Pt-C  +  PBI])  of  each  GDE  was  5  wt.%.  Fig.  4  presents  the  CV  curves 
of  the  five  GDEs.  Table  3  summarizes  the  Pt-ECSA  estimates 
calculated  from  the  CV  data  shown  in  Fig.  4.  These  data  demon¬ 
strate  that  the  Pt-ECSA  of  the  GDE  increases  with  increasing  the 
PyA  monomer  content  of  the  PyPBI  (or  PBI)  binder  in  the  catalyst 
inks  according  to  the  sequence  of  PBI-11  <  PyPBI-37  <  PyPBI- 
46  <  PyPBI-50  <  PyPBI-64.  The  reason  for  the  increasing  Pt-ECSA  of 
GDE  with  increasing  PyA  monomer  content  of  the  PyPBI  ionomer 
binder  is  not  clear  to  us.  The  Pt-ECSA  measurements  were  carried 
out  in  a  0.5  M  EI2SO4  solution  using  CV,  and  the  Pt-ECSA  was  esti¬ 
mated  from  the  charge  exchange  of  the  electro-adsorption  of  H2  on 
Pt.  Fig.  5a  (top  reaction  scheme)  shows  the  interaction  of  an  H+  ion 
with  the  Pt  particles  on  the  surface  of  a  carbon  powder.  A  negatively 
charged  electron  on  the  carbon  powder  causes  the  attraction  of  an 
H+  ion  on  to  the  surface  of  a  Pt  particle  on  the  carbon  powder 
surface.  We  suspect  that  an  electron  donating  >N:  group  near  a  Pt 
particle  may  help  to  keep  H+  ions  closing  to  a  Pt  particle  (Fig.  5b,  1st 
step  of  bottom  interaction  scheme).  Increasing  the  pyridine  func¬ 
tion  group  of  PyA  monomer  of  PyPBI  binder  in  the  CL  provides  more 
electron  donating  >N:  groups  and  helps  attract  the  EI+  ions  on  the 
Pt  active  sites  (Fig.  5b,  2nd  and  3rd  interaction  scheme),  thus 
improving  the  CV  Pt-ECSA. 

3.4.  H3PO4  doping  level  of  the  GDEs 

Before  pressing  with  a  PBI/epoxy  cross-linked  membrane  for 
preparing  MEAs,  the  anode  and  cathode  GDEs  (Pt  loading  was 
0.5  mg  cm-2)  were  immersed  in  a  10  wt%  EI3PO4  aqueous  solution 


Table  3 

Pt-ECSAs  of  GDEs  (without  doping  H3PO4)  consisting  of  PyPBI  and  PBI- 
11  catalyst  binders.  Pt  loading  0.1  mg  cm-2.  [PyPBI  (or  PBI)]/[PyPBI  (or 
PBI)  +  Pt-C]  =  5  wt.%. 


Polyelectrolyte  binder 

Pt-ECSA/m2  g-1 

PyPBI-64 

57  ±  2 

PyPBI-55 

54  ±2 

PyPBI-46 

52  ±  1 

PyPBI-37 

50  ±3 

PBI-11 

49  ±2 
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Fig.  5.  The  interaction  of  H+  ion  with  the  Pt  particles  on  the  surface  of  a  carbon  powder  (the  large  sphere  particle),  (a.  top  scheme)  A  negatively  charged  electron  on  the  carbon 
powder  (2nd  step)  causes  the  attraction  of  an  H+  ion  on  to  the  surface  of  a  Pt  particle  (3rd  step),  (b.  bottom  scheme)  An  electron  donating  >N:  group  near  a  Pt  particle  helps  to  keep 
an  H+  ion  closing  to  a  Pt  particle  (1st  step)  and  thus  helps  the  attraction  of  the  H+  ions  on  the  surfaces  of  a  Pt  particle. 


at  room  temperature  for  12  h.  The  H3PO4  loadings  of  the  GDEs 
fabricated  using  catalyst  ink  solutions  containing  the  four  PyPBIs 
and  the  PBI-11  are  summarized  in  Table  4.  These  data  demonstrated 
that  the  H3PO4  loading  of  the  GDE  increased  with  increasing  the 
PyA  monomer  content  of  PyPBI  binder  in  the  CL  of  a  GDE.  It  is  the 
lone  pair  electrons  of  the  imidazole  and  pyridine  >N:  groups 
providing  the  binding  sites  for  the  H3PO4  molecules.  The  increasing 
of  the  PyA  monomer  in  the  PyPBI  binder  led  the  PyPBI  to  have  more 
>N:  groups  for  binding  the  H3PO4  molecules  on  the  CL  of  the  GDEs. 
Thus  the  H3PO4  loading  of  the  GDE  increased  with  the  increase  of 
the  PyA  monomer  content  of  the  PyPBI  binder  in  CL. 

3.5.  PEMFC  performance  of  MEAs 

Unit  cell  PEMFC  tests  were  performed  at  160  °C  with  unhumi¬ 
dified  H2/O2  and  LU/air  gases  under  ambient  pressure.  Figs.  6  and  7 
illustrates  the  unit  cell  test  i—V  curves  with  unhumidified  H2/O2 
and  H2/air  gases,  respectively,  of  five  MEAs  prepared  using  Pt— C/ 
DMAc  catalyst  ink  solutions  containing  four  PyPBIs  and  PBI-11 
binders.  The  i—V  curves  of  Figs.  6  and  7  demonstrate  that  the  fuel 
cell  performance  increased  with  the  CL  binder  according  to  the 
sequence  of  PBI-11  <  PyPBI-37  <  PyPBI-46  <  PyPBI-55  <  PyPBI-64, 
that  is,  fuel  cell  performance  increased  with  the  increase  of  PyA 
monomer  content  of  the  PyPBI  binder  in  CL. 

To  eliminate  the  change  in  cell  performance  due  to  the  change  in 
cell  internal  resistance,  the  in  situ  current  interruption  measure¬ 
ments  were  carried  out  to  obtain  the  cell  internal  resistances, 
which  comprise  of  the  membrane  ionic  resistance  and  contact  re¬ 
sistances.  The  cell  internal  resistances  and  the  corresponding  iR- 
free  cell  voltages  vs.  current  density  of  Fig.  6  (with  H2/O2  fuel 
gases)  after  subtracting  the  performance  loss  from  cell  internal 
resistances  are  shown  in  Fig.  8.  These  results  demonstrate  that  the 
cell  internal  resistance  increased  with  the  CL  binder  according  to 
the  sequence  of  PyPBI-64  <  PyPBI-55  <  PyPBI-46  <  PyPBI-37  <  PBI- 
11.  Since  all  the  MEAs  were  composed  of  a  same  PEM,  the  PEM  ionic 
resistance  should  be  same  for  all  MEAs.  As  will  be  discussed  in 
Section  3.6  (Impedances  of  MEAs),  the  difference  in  cell  internal 


Table  4 

H3PO4  loadings  of  the  anode  and  cathode  GDEs  (Pt  loading  0.5  mg  cm  2)  of 
MEAs  consisting  of  PyPBI  and  PBI-11  catalyst  binders. 


GDE  binder 

H3PO4  loading  in  CL/pmol  cm  2 

PyPBI-64 

11.3  ±  0.5 

PyPBI-55 

10.6  ±  0.4 

PyPBI-46 

9.4  ±  0.4 

PyPBI-37 

9.3  ±  0.3 

PBI-11 

6.0  ±  0.3 

resistance  in  these  MEAs  mainly  came  from  the  difference  in  the 
contact  resistance  between  PEM  and  CL.  Fig.  8  also  shows  that  the 
iR-free  cell  performance  increased  with  the  CL  binder  according  to 
the  sequence  of  PBI-11  —  PyPBI-37  —  PyPBI-46  <  PyPBI- 
55  <  PyPBI-64.  However,  compared  to  Fig.  6,  the  IR-free  cell  per¬ 
formances  of  these  MEAs  become  much  closer  to  each  other  once 
the  difference  in  cell  internal  resistance  is  eliminated.  The  differ¬ 
ence  in  performance  left  after  the  iR-free  correction  among  these 
MEAs  can  be  attributed  to  the  difference  in  the  PyA  monomer 
content  of  the  catalyst  binder  and  the  difference  in  H3PO4  doping 
level  in  CL  (Table  4). 

All  these  results  were  consistent  with  the  GDE  Pt-ECSA  (Fig.  4 
and  Table  3)  and  the  CL  H3PO4  loading  data  (Table  4).  It  is 
obvious  that  the  increase  of  PyA  monomer  content  of  the  PyPBI 
catalyst  binder  in  CL  increases  the  binding  sites  for  H3PO4  and 
improves  the  fuel  cell  performance.  The  other  possible  reason  for 
the  better  fuel  cell  performance  of  the  MEAs  consisting  of  higher 
PyA  monomer  content  PyPBI  catalyst  binder  can  be  attributed  to 
the  larger  content  of  the  electron  donating  >N:  group,  which  helps 
reduction  of  H+  ions  on  the  Pt  active  surface  (Fig.  5b). 


Current  Density  (mA  cm2) 

Fig.  6.  Unit  fuel  cell  test  i—V  curves  of  five  MEAs  fabricated  using  Pt-C  catalyst  ink 
solutions  containing  LiCl  and  four  PyPBIs  and  PBI-11  (Pt-C/PyPBI  (or  PBI)/LiCl/ 
DMAc  =  9.5/0.5/0.5/190  by  wt.).  The  Pt  loadings  were  0.5  mg  cm-2  both  at  anode  and 
cathode.  The  cell  temperature  was  160  °C  with  both  the  unhumidified  H2/02  flow  rates 
of  200  mL  min-1  and  the  active  area  of  each  MEA  was  3.5  x  3.5  cm2.  CL  polyelectrolyte 
binders:  (ft)  PBI-11;  (#)  PyPBI-37;  (■)  PyPBI-46;  (*)  PyPBI-55;  (a)  PyPBI-64. 
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Fig.  7.  Unit  fuel  cell  test  i—V  curves  of  the  same  five  MEAs  as  those  shown  in  Fig.  6.  The 
cell  temperature  was  160  °C  with  the  unhumidified  H2  and  air  flow  rates  of  200  and 
1000  mL  min-1,  respectively.  CL  polyelectrolyte  binders:  (ft)  PBI-11;  (o)  PyPBI-37;  (□) 
PyPBI-46;  (★)  PyPBI-55;  (a)  PyPBI-64. 


3.6.  Impedances  of  MEAs 

AC  impedance  measurements  were  also  conducted  to  investi¬ 
gate  the  resistance  of  the  MEAs  consisting  of  four  PyPBIs  and  PBI-11 
catalyst  binders.  The  AC  impedance  diagrams  were  simulated  using 
a  Z-view  program  (Scribner  Associates,  Inc.)  and  fitted  to  an 
equivalent  circuit  (Fig.  9).  The  circuit  consisted  of  a  resistance  Rs, 
which  represents  the  total  non-electrode  cell  ohmic  resistance  in 
series,  a  cathode  charge  transfer  resistance  Rc c,  and  an  anode 
charge  transfer  resistance  Rc a.  Rcc  and  Rc a  are  parallel  to  the  cath¬ 
ode  constant  phase  element  Cc pec  and  anode  constant  phase 
element  Ccpea*  respectively,  which  represent  the  cathode  and 
anode  porous  electrode  double  layers,  respectively  [34-36]. 


Current  Density  (mA  cm-2) 

Fig.  8.  Cell  internal  resistances  and  the  corresponding  plots  of  iR-free  cell  voltages  vs. 
current  density  of  Fig.  6  (with  unhumidified  H2/02  fuel  gases)  after  subtracting  the 
performance  loss  from  cell  internal  resistances.  CL  polyelectrolyte  binders:  (ft)  PBI-11 ; 
(O)  PyPBI-37;  (□)  PyPBI-46;  (*)  PyPBI-55;  (a)  PyPBI-64. 


Fig.  9.  An  equivalent  circuit  model  for  a  fuel  cell  impedance,  where  Rs  represents  total 
non-electrode  cell  ohmic  resistance,  RcA  and  RcC  represent  anode  and  cathode  charge 
transfer  resistances,  respectively,  and  CPEA  and  CPEc  represent  anode  and  cathode 
porous  double-layer  capacitance,  respectively. 

In  a  fuel  cell,  the  main  contribution  to  Rs  (the  high  frequency 
resistance)  comes  from  the  proton  transport  resistance  of  the 
membrane  and  the  contact  resistance  between  the  PEM  and  the  CL. 
Figs.  10  and  11  display  the  AC  impedance  diagrams  obtained  at  a 
constant  current  i  =  200  mA  cm-2  and  i  =  1000  mA  cm-2, 
respectively,  with  unhumidified  H2/O2  fuel  gases  for  MEAs  con¬ 
sisting  of  PyPBIs  and  PBI-11  catalyst  binders.  Tables  5  and  6  sum¬ 
marize  the  Rs ,  Rca,  Rc g  and  Rc t  (where  ftCT  =  ^ca  +  Rcc)  values 
estimated  from  the  impedance  diagrams  of  Fig.  10  (i.e.,  at 
i  =  200  mA  cm-2)  and  Fig.  11  (i.e.,  at  i  =  1000  mA  cm-2),  respec¬ 
tively,  simulated  using  the  equivalent  circuit  shown  in  Fig.  9. 
Figs.  10  and  11,  Table  5,  and  Table  6  revealed  that  both  the  Rs  values 
at  i  =  200  mA  cm-2  and  1000  mA  cm-2  varied  with  the  variation  of 
the  catalyst  binder  in  the  CLs  according  to  the  sequence  of  PBI- 
11  >  PyPBI-37  >  PyPBI-46  >  PyPBI-55  >  PyPBI-64.  These  results 
were  quite  consistent  with  the  unit  cell  i—V  data  and  cell  internal 
resistance  data  presented  in  Fig.  6.  These  results  were  also  consis¬ 
tent  with  the  GDE  H3PO4  loading  results  shown  in  Table  4,  that  is, 
the  MEA  with  a  higher  GDE  H3PO4  loading  had  a  lower  Rs  value.  As 
all  the  MEAs  were  composed  of  a  same  PEM,  the  proton  transfer 
resistance  from  PEM  should  be  same  for  all  the  MEAs.  The  differ¬ 
ences  in  Rs  (Tables  5  and  6)  and  in  cell  internal  resistance  (Fig.  6)  in 
these  MEAs  might  come  from  the  difference  in  the  contact  resis¬ 
tance  between  the  PEM  and  CL.  The  increase  of  the  PyA  monomer 
content  in  the  PyPBI  catalyst  binder  caused  an  increase  in  the  CL 
H3PO4  loading  (Table  4),  which  led  to  a  better  contact  between  PEM 
and  CL  and  a  lower  Rs  (Tables  5  and  6).  These  data  also  show  that 
the  Rct  of  the  MEAs  decreased  according  to  the  sequence  of  PBI- 
11  >  PyPBI-37  >  PyPBI-46  >  PyPBI-55  -  PyPBI-64  at  a  low 
current  (i.e.,  i  =  200  mA  cm-2,  Table  5)  and  PBI-11  >  PyPBI- 


Fig.  10.  Impedances  of  MEAs  at  i  =  200  mA  cm  2  after  activating  for  8  h.  CL  poly¬ 
electrolyte  binders:  (ft)  PBI-11;  (o)  PyPBI-37;  (□)  PyPBI-46;  (*)  PyPBI-55;  (a)  PyPBI-64. 
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Fig.  11.  Impedances  of  MEAs  at  i  =  1000  mA  cm-2  after  activating  for  8  h.  CL  poly¬ 
electrolyte  binders:  (ft)  PBI-11 ;  (o)  PyPBI-37;  (□)  PyPBI-46;  (☆)  PyPBI-55;  (a)  PyPBI-64. 


37  >  PyPBI-46  -  PyPBI-55  -  PyPBI-64  at  a  high  current  (i.e., 
i  =  1000  mA  cm-2,  Table  6). 

Table  4  shows  that  the  GDE  H3PO4  loading  of  the  MEA  consisting 
of  PBI-11  catalyst  binder  was  much  smaller  than  those  of  the  MEAs 
consisting  of  PyPBI  catalyst  binders,  which  might  cause  a  much 
larger  Rc j  of  the  MEA  consisting  of  PBI-11  catalyst  binder  than  those 
consisting  of  PyPBI  catalyst  binders.  The  small  difference  in  the  GDE 
H3PO4  loadings  of  the  MEAs  consisting  of  PyPBI-46,  PyPBI-55,  and 
PyPBI-64  might  be  the  reason  for  the  small  difference  in  the  Rcjs  of 
the  MEAs  consisting  of  PyPBI-46,  PyPBI-55,  and  PyPBI-64  catalyst 
binders.  The  larger  H3PO4  loading  may  reduce  the  proton  transfer 
resistance  in  CL;  however,  the  larger  H3PO4  loading  may  also  lead  to 
a  larger  amount  of  H3PO4  covering  on  the  Pt  particle  surfaces, 
resulting  in  a  lower  Pt  catalysis  activity.  This  may  be  the  another 
reason  for  the  similar  Rcts  of  the  MEAs  consisting  of  PyPBI-46, 
PyPBI-55,  and  PyPBI-64  catalyst  binders.  From  Tables  4  and  5,  we 
also  found  that  there  was  no  much  difference  between  the  Rc a  value 
at  i  =  200  mA  cm-2  and  at  i  =  1000  mA  cm-2  for  a  same  MEA.  For  a 
same  MEA  at  a  low  current  i  =  200  mA  cm-2,  the  RcA  value  was 
much  smaller  than  the  Rcc  value  and  the  main  contribution  to  the 
Rcj  mainly  came  from  Rc o  However,  for  an  MEA  at  a  high  current 
i  =  1000  mA  cm-2,  the  Rc a  value  may  play  an  important  role  in  the 
Rcj  because  of  the  lower  Rcc  value  at  a  higher  current. 

4.  Conclusions 

The  CL  of  PBI/H3P04-based  HT-PEMFC  MEAs  consists  of  a  Pt-C 
catalyst,  H3PO4  electrolyte,  and  PBI  (or  PyPBI)  binder,  wherein  the 
Pt  particles  act  as  active  sites  for  electrochemical  reactions,  the 
H3PO4  molecules  serve  as  proton  conductors,  and  PBI  (or  PyPBI) 


Table  5 

Rs,  RcA,  Rcc,  and  RcT  ( Rct  =  Rca  ±  Rcc )  at  i  =  200  mA  cm-2  of  MEAs  consisting  of  PyPBI 
and  PBI-11  calatyst  binders. 


Binder  Rs  (10  2  Q-cm2) 

l  RcA  (10-2  Q-cm2) 

i  Kcc(10“2  Q-cm2) 

RcT(10-2  Q-cm2) 

PyPBI-64  16.3  ±  0.4 

3.1  ±  0.3 

32.1  ±  0.5 

35.2  ±  0.8 

PyPBI-55  18.9  ±  0.5 

2.7  ±  0.3 

31.8  ±  0.5 

34.5  ±  0.8 

PyPBI-46  19.2  ±  0.6 

3.9  ±  0.4 

35.1  ±  0.5 

39.0  ±  0.9 

PyPBI-37  20.9  ±  0.6 

2.9  ±  0.3 

37.3  ±  0.7 

40  ±  1 

PBI-11  20.9  ±0.6 

4.1  ±  0.4 

40.1  ±  0.8 

44  ±1 

Table  6 

Rs,  Rc A,  Rcc,  and  RcT  ( RcT  =  RcA  ±  RcC )  at  i  =  1000  mA  cm-2  of  MEAs  consisting  of  PyPBI 
and  PBI-11  calatyst  binders. 


Binder  Rs  (10  2  Q-cm2) 

Rca(10"2  Q-cm2) 

RcC(10-2  Q-cm2) 

RcT(10-2  Q-cm2) 

PyPBI-64  11.6  ±  0.2 

2.2  ±  0.2 

7.6  ±  0.2 

9.8  ±  0.4 

PyPBI-55  12.6  ±  0.3 

1.8  ±  0.2 

7.6  ±  0.3 

9.4  ±  0.5 

PyPBI-46  13.4  ±  0.3 

2.5  ±  0.2 

7.3  ±  0.3 

9.8  ±  0.5 

PyPBI-37  15.0  ±  0.4 

3.8  ±  0.3 

7.8  ±  0.4 

11.6  ±  0.7 

PBI-11  16.1  ±0.4 

3.8  ±  0.3 

8.8  ±  0.4 

12.6  ±  0.7 

binds  together  the  Pt-C  particles,  the  PEM,  and  the  GDLs.  The  PBI 
(or  PyPBI)  binder  also  helps  fixing  H3PO4  molecules  to  avoid  H3PO4 
molecules  leakage  from  CL  to  GDL.  In  present  study,  we  prepared 
HT-PEMFC  MEAs  using  low  MW  (Mw  =  1.0-1.3  x  10  4  g  mol-1 )  PBI- 
11  and  PyPBIs  as  catalyst  binders.  We  demonstrated  that  increasing 
the  PyA/IPA  monomer  mole  ratio  of  the  PyPBI  catalyst  binder  from 
0/1  to  6/4  resulted  in  an  increase  in  the  CL  H3PO4  loading;  this 
reduced  the  contact  resistance  between  the  PEM  and  the  CL  and 
thus  reduced  the  Rs  of  the  MEAs.  The  increase  of  CL  H3PO4  loading 
also  caused  a  reduction  of  Rcj  according  to  the  sequence  of  the 
catalyst  binder  PBI-11  >  PyPBI-37  >  PyPBI-46  ~  PyPBI-55  ~  PyPBI- 
64.  The  high  H3PO4  loading  in  CL  might  reduce  the  resistance  of 
proton  transfer  in  CL.  However  the  high  H3PO4  loading  might  also 
lead  to  excess  H3PO4  covering  on  the  surfaces  of  the  Pt  particles  and 
reduced  Pt-active  surface  area.  The  single  cell  test  results  demon¬ 
strated  that  the  fuel  cell  performance  decreased  according  to  the 
sequence  of  the  catalyst  binder  of  PBI-11  >  PyPBI-37  >  PyPBI- 
46  >  PyPBI-55  >  PyPBI-64,  which  was  consistent  with  the  combi¬ 
nation  of  the  Rs  and  Rcj. 
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